ABSTRACT The sulfur content of N-methylformamide solutions of cofactor from Clostridium pasteurianum nitrogenase has been determined to be 11.9 (+0.9) mol per mol of molybdenum. This number was determined radiochemically, using iron-molybdenum cofactor isolated from molybdenum-iron protein from bacteria grown on 35SO4. A total of 3.2 (±0.2) mol of sulfur per mol of molybdenum was found to be present in cysteine and methionine, probably arising from contaminating proteins not intrinsic to the cofactor. Combined with accumulated evidence that is discussed, these results lead to an updated stoichiometry of MoFe6S8orq, not MoFe6S4 as previously thought, for this cluster.
The molybdenum-iron protein of nitrogenase (MoFe protein) is thought to contain the catalytic site for the reduction of dinitrogen to ammonia (1) . A cofactor containing both iron and molybdenum (FeMo cofactor) has been isolated from acid-denatured protein (2) . This cofactor may be used to activate inactive, molybdenum-free, "MoFe" protein from a mutant strain of Azotobacter vinelandii, UW 45, suggesting an intrinsic role for the FeMo cofactor in the catalytic process. Physical studies of the FeMo cofactor and the MoFe protein have shown the following: (i) the characteristic EPR spectrum ofthe MoFe protein is elicited in a broadened form from the FeMo cofactor (3); (ii) the Mossbauer spectra of iron atoms associated with this S = 3/2 center in the protein similarly are reproduced in studies of the cofactor (3) ; and (iii) the Mo x-ray absorption fine structure (EXAFS) analyses suggest that the structure ofthe molybdenum site in the cofactor is closely similar to that in the protein (4) . This indicates that the structure of the iron and molybdenum cluster in the MoFe protein is relatively well represented in the isolated FeMo cofactor and that structural studies ofthe cofactor may help to solve the more difficult problem of the function of that site in the protein.
The structure ofthis species almost certainly is unique among biological metal-sulfur clusters. (5, 6) show that each of the six irons coupled to the S = 3/2 spin system is in a distinctive magnetic environment. Several clusters containing iron, molybdenum, and sulfur have been synthesized (7) (8) (9) , but as yet none has duplicated the unusual physical and chemical properties of the FeMo cofactor. Despite the absence of crystallographic information, some appreciation of the structure of this cluster might be gleaned from the body ofspectroscopic data that is rapidly accumulating. However, a prerequisite of the design of models based on such information is an accurate knowledge ofthe stoichiometry ofthe FeMo cofactor. To date, the best information on that score arises from the rationalization of spectroscopic experiments, rather than from chemical analysis. Electron-nuclear double resonance (ENDOR) and EPR data suggest one molybdenum per spin system and two noninteracting spin systems per MoFe protein, implying the presence of one molybdenum in each cluster (10, 11) . M6ssbauer and ENDOR studies show at least six iron atoms coupled to the spin system in the protein (5, 6), and chemical analyses of solutions of isolated FeMo cofactor reveal six to eight iron atoms per molybdenum (2-4, 12, 13) .
Isolation of the FeMo cofactor in the presence of dithionite makes quantitation of the amount of sulfur especially difficult. Initially, the FeMo cofactor was reported to contain six acid-labile sulfides per molybdenum (2) , whereas more recent assays have suggested the number is closer to four (13) . So small a number of sulfur atoms (less than the number of iron atoms) is incompatible with the composition of synthetic FeS clusters, as well as being contrary to recent Fe EXAFS spectroscopic studies of the FeMo cofactor (14) . Furthermore, the only published study that suggests the presence ofsulfur in any form but sulfide (15) has been disputed recently (13) . Radiochemical analyses for sulfur (using`5S as a tracer) have the advantage of being insensitive to the presence of dithionite. They also are inherently more accurate and more precise than calorimetric techniques. A major problem is that radiochemical assays require some method to determine the specific activity of the 35s in the proteins as isolated. The source of the difficulty is the potential for the presence of unevaluated amounts of contaminating sulfate in the growth medium, sulfate being rather difficult to assay in the presence of the other components of the inedium.
In order to facilitate understanding of the structure of the FeMo cofactor, we have reexamined the Mo:Fe:S stoichiometry of this cluster, using atomic absorption spectroscopy to assay for Fe and Mo, and radiochemical analyses for S. To obtain the specific activity ofthe sulfur in the isolated proteins and cofactor we have used Clostridium pasteurianum as the source of the MoFe protein, and we have simultaneously purified to homogeneity the well-characterized eight-iron ferredoxin from that organism (16 The publication costs ofthis article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U. S. C. §1734 solely to indicate this fact. removed from carbon monoxide by equilibration ofthe gas with a solution of 5% pyrogallic acid in 20% NaOH, and from other gases by passage through Oxysorb (Messer-Griesheim) and Deoxo (Engelhardt) cartridges. All chemicals used were of reagent grade. C. pasteurianum strain W6 was the gift of Leonard Mortenson. Glassware used during analysis for Mo and Fe was triply acid-washed (17) ; glassware thus treated and the plastieware used introduced essentially no Fe or Mo contamination according to atomic absorption analysis. Activity assays with the MoFe and Fe proteins were performed as published (12) . Protein concentrations were determined by biuret assay (18) .
Growth of 'S-Enriched C. pasteurianum. The minimal sulfate requirement for these bacteria was estimated by growth of 100-ml cultures on various amounts of sulfate. The medium used for the growth of labeled C. pasteurianum was as previously described (16) , except that it contained 0.2 mM sulfate (19) . To 14 liters of medium containing 10 mCi (1 Ci = 3.7 X 1010 becquerels) of H2'SO4 was added a 1-liter inoculum of bacteria grown on natural-abundance materials. After growth ofthe bacteria (OD6m = 1.7) they were harvested in a Sharples centrifuge, yielding 43.6 g of cell paste. This was stored overnight at 186 K.
Isolation of 3S-Enriched Proteins. The isolation of the nitrogenase proteins was performed anaerobically. All steps were carried out under 1.1 atmosphere of 5% H2 in Ar. All solutions were degassed and contained 2 mM Na2S204 unless it is stated otherwise. Columns were made anaerobic by rinsing with buffer containing dithionite until the effluent was reducing to methyl viologen, and they were loaded by cannulation. Other manipulations were essentially as described (12) .
Cells were lysed anaerobically under an atmosphere of 20% CO in H2/Ar by addition of 40 mg of lysozyme and 5 mg of DNase I to a suspension in 450 ml 50 mM Tris HCI, pH 8.0. After 1.5 hr at 37°C the debris was pelleted by centrifugation, and the supernatant was loaded onto a DEAE-cellulose DE-32 column (Whatman; 3 X 20 cm) equilibrated with 50 mM Tris HCl, pH 7.1 (at 20°C) and cooled to 4°C. Elution by a gradient of 300 ml each of 0.15 M NaCI/25 mM Tris HCl, pH 7.1, and 0.60 M NaCl/25 mM Tris HCl, pH 7.1 (both equilibrated under 20% CO in 5% H2 in Ar), yielded successively MoFe protein, Fe protein, and the ferredoxin.
MoFe protein was purified further, essentially as published (19) . After concentration by ultrafiltration (Amicon XM-100A membrane) the protein was purified by chromatography on Sepharose 6B (Pharmacia; 2.5 X 70 cm) with 50 mM Tris HCI, pH 8.0, as elution buffer. The product was loaded onto a DEAEcellulose DE-32 column (3 x 20 cm) equilibrated with 50 mM Tris HCI, pH 8.0, and eluted with a gradient of 500 ml each of 50 mM Tris HCl, pH 8.0, and 0.3 M NaCl/50 mM Tris HCl, pH 8.0. After concentration to approximately 35 mg/ml by ultrafiltration, this protein was frozen and stored under liquid nitrogen.
Fe protein also was purified further, essentially as published (19) . After dilution with an equal volume of 50 mM Tris HCl, pH 8.0, it was loaded onto a DEAE-cellulose DE-32 column (2 x 8cm) equilibrated with that buffer. After elution in a small volume of 0.5 M NaCl/50 mM Tris HCl, pH 8.0, the protein was purified by chromatography on a Sephacryl S-200 column (Pharmacia; 2.5 x 70 cm) eluted with 0.5 M NaCl/50 mM Tris HCl, pH 8.0. After concentration by ultrafiltration (Amicon PM-30 membrane), the protein was diluted with an equal volume of 50 mM Tris HCl, pH 8.0, and loaded onto a DEAE-cellulose DE-32 column (3 x 20 cm) equilibrated with the same buffer. Elution was accomplished by a gradient of 350 ml each of 0.15 M NaCl/50 mM TrisHCl, pH 8.0, and 0.4 M NaCl/ 50 mM TrisHCl, pH 8.0. The product was concentrated by ultrafiltration, frozen, and stored under liquid nitrogen.
The ferredoxin was concentrated by ultrafiltration (Amicon UM-2 membrane) and desalted by chromatography on Bio-Gel P-2 (Bio-Rad) with 50 mM Tris HCI, pH 8.0 (no dithionite), in an inert atmosphere box. The dithionite-free protein was oxidized by exposure to air. Further manipulations of this protein were performed aerobically in the absence of dithionite, as described by Rabinowitz (16 Isolation of FeMo Cofactor from MoFe Protein. FeMo cofactor was isolated by a procedure similar to that of Shah and Brill (2). All solutions contained 5 mM sodium dithionite added as a 1 M solution in 1 M Tris HCl, pH 8.0. A 0.5-ml aliquot of 3S-labeled MoFe protein (29 mg/ml) was diluted first with 0.5 ml of 0.25 M NaCl/0.025 M Tris HCl, pH 7.4, and then with 2 ml of water. Addition of 100 ,ul of 1 M citric acid was followed after 150s by 400 ,ul of0.5 M Na2HPO4. At this point the protein precipitated. The suspension was allowed to stand at ice temperature for 1 hr. after which the protein was separated by centrifugation at 120 X g for 10 min. The supernatant was removed and replaced with 1 ml of dimethylformamide (Aldrich, vacuum distilled in the absence of grease), which was layered onto the protein. The sample was resuspended by brief (5-s) agitation on a Vortex mixer, the protein was separated by centrifugation at 520 X g for 5 min, and the supernatant was removed. This dimethylformamide wash was repeated. No color was detected in these washes. After the second dimethylformamide wash, 0.5 ml of N-methylformamide (Aldrich, vacuum distilled in the absence of grease) containing 5 mM Na2HPO4 (added as a 0.5 M solution in water) was added. The sample was agitated for 5 min on a Vortex mixer and allowed to stand on ice approximately 10 min. The protein was separated by centrifugation at 1,450 X g for 10 min, and the dark-green clear cofactor solution was removed and stored in a double-septum vial. A second wash with N-methylformamide/phosphate yielded a light-green solution, and a third was colorless. The first two washes were combined and concentrated in vacuo to approximately 0.2 ml. After filtration, samples were taken for analysis.
Assay of FeMo Cofactor Activity. These were performed in a manner similar to that previously described (12) . Crude extract of A. vinelandii UW45 was provided by Paul Lindahl and stored frozen in liquid nitrogen. The concentrated FeMo cofactor solution was diluted 1:10 into 0.025 M sodium phosphate, pH 7.5, containing 20 mM sodium dithionite. Aliquots of this solution (2-20 ,ul) were added to 300-,u1 samples of the crude extract, incubated at 30°C for 90 min, and then placed on ice.
Of these samples, 100 ul was taken with a 20-fold excess of the iron protein from A. vinelandii for assay of nitrogenase activity. Specific activity was taken from the slope of the line fit to a plot of activity vs. molybdenum concentration.
Assay of 'S. The (13) .
In these N-methylformamide solutions, we found 11.9 ± 0.9 mol ofsulfur per mol ofmolybdenum. We estimated the amount of sulfur contributed by protein-bound amino acids as follows. Samples ofthe FeMo cofactor solutions were oxidized with performic acid, hydrolyzed, and chromatographed. Fluorography of these chromatograms revealed only three radioactive spots: one at the origin (Rf = 0.00), one that migrated with cysteic acid (Rf = 0.19), and one that migrated with methionine sulfone (Rf = 0.33). The relative amounts of 3S associated with each spot as determined by fluorography were 72.7 ± 2.1, 11.0 ± 1.3, and 16.3 ± 0.9%, respectively. By direct scintillation counting of the spots scraped from the plates, the relative amounts of radioactivity were found to be 73.5 ± 1.3, 9.5 + 0.8, and 17.0 + 0.7%, respectively. The ratio of cysteic acid to methionine sulfone found in the FeMo cofactor solution closely corresponds to that found in the MoFe protein (2:3) (24), thereby suggesting that these amino acids represent apoprotein isolated with the FeMo cofactor. After chromatography of samples of the ferredoxin, only two spots were visualized by fluorography, one at the origin and one migrating with cysteic acid. The relative amounts oflabel in each spot were 46.3 ± 3.7 and 53.8 ± 3.9%, respectively. The ferredoxin is known to contain equimolar amounts of sulfide and cysteine, and no methionine (16) .
From this, a reasonable hypothesis is that adventitiously copurified apoprotein contributes 26.9 ± 1.7% of the sulfur in these solutions ofFeMo cofactor, equal to 3.2 ± 0.2 mol ofsulfur per mol of molybdenum. On the basis of a total of 100 cysteine plus methionine residues per 220,000 molecular weight (24), Biochemistry: Nelson et aL this leads to a ratio of0.03 mol of apoprotein per mol ofcofactor in these solutions. Other workers (13) have reported less-thanstoichiometric amounts of amino acids in severalfold more concentrated solutions of the FeMo cofactor. Assuming that such amino acids arise from saturating amounts of apoprotein in the N-methylformamide solutions, this would lend support to our hypothesis. Taking such an impurity into account leads to the conclusion that the FeMo cofactor has 8.7 ± 1.0 mol of nonamino-acid sulfur associated with each mol of molybdenum in solution.
DISCUSSION Using a combination of radiochemical techniques and atomic absorption spectroscopy, we have shown that the FeMo cofactor from C. pasteurianum contains 8.7 ± 1.0 mol ofnon-amino-acid sulfur per mol of molybdenum. Thus we conclude that there are eight or nine sulfur atoms per molybdenum in this cluster. That synthetic MoFeS clusters prepared as models for the FeMo cofactor generally have contained even numbers of sulfur atoms per molybdenum might favor the lower number. On the other hand, none of these models has been successful in mimicking the distinctive properties of the cofactor.
In these experiments we have found 8.2 ± 0.4 mol of iron per mol of molybdenum in the FeMo cofactor. Other workers have found seven or eight iron atoms per molybdenum in similar preparations (2, 12) . When samples of FeMo cofactor are prepared in this fashion and treated with iron-chelating reagents, an active species with only six iron atoms per molybdenum is obtained (13) . This is in accord with both M6ssbauer and ENDOR experiments (5, 6), which support the concept that there are six iron atoms spin-coupled together in this cluster, within the holoprotein. Of course, it may be that the FeMo cofactor contains six tightly bound, spin-coupled iron atoms as well as one or two uncoupled iron atoms that may be removed and restored easily. In that case the FeMo cofactor preparations with six irons per molybdenum might well scavenge iron from the A. vinelandii UW45 crude extract solution during reconstitution, but it seems quite reasonable to assume instead that the ratio of iron to molybdenum in the FeMo cofactor is indeed six, and that any extra iron results from adventitious copurification (13) .
The importance of these experiments lies in the discovery that the FeMo cofactor contains eight or nine mol ofnon-aminoacid sulfur per mol of molybdenum-about twice the amount detected by previous workers. This has two important consequences. First, recent EXAFS investigations into the local structure about-the iron atoms in the FeMo cofactor have found ,an average of three to four sulfur atoms in the vicinity of the average iron atom (14) . It is difficult to envision a structure that would account for that observation and yet would contain less than one sulfur per iron atom. The presence of S and Fe in a ratio of about 1.5:1 is much more compatible with the Fe EXAFS results. Second, even in the absence of the structural evidence, a Mo: Fe: S ratio of 1:6:4 would be much more difficult to rationalize in terms of "conventional" metal clusters than is a ratio of 1:6:9. For example, the Fe:S ratio in the ironsulfur clusters in the ferredoxin we used as an internal standard is 1:1. From these points of view, this revision of the ratio of sulfur to molybdenum is intuitively satisfying.
There are several possible reasons why previous workers have obtained such low values for the amount of sulfur in the FeMo cofactor. It should be noted that the technique used here determines the total sulfur present, not merely acid-labile sulfur. Both Mo EXAFS spectroscopy (4) and chemical assays of acid-denatured MoFe protein (25) have suggested the presence of a MoS4 core in the FeMo cofactor. The usual assay for acidlabile sulfur has been shown to yield low values for the sulfide content in some MoS4-containing clusters of known stoichiometry (26) . Failure to detect molybdenum-bound sulfur in earlier determinations might account for the difference between our results and those previously reported. Similarly, organic sulfur compounds would not be included in an acid-labile sulfur assay but would be detected radiochemically. As yet we have no compelling evidence for such organic sulfur ligands, and we tentatively ascribe the three sulfur amino acid residues we find in this cofactor preparation to a small (3 mol %) amount of -residual apoprotein.
